Abstract-Limiting the emissions of greenhouse gases from power generation will depend, among other things, on the continuing and increased use of hydroelectric power. However, climate change itself may alter rainfall patterns, adversely affecting the financial viability of existing and potential hydro schemes. Previous work developed a methodology for quantifying the potential impact of climate change on the economics of hydropower schemes. Here, the analysis is extended to examine the potential for changes in project risk. A case study is presented that indicates that the applied climate change scenarios alter not only the mean financial performance of the scheme but also the financial risk facing it. Given that investors must balance project risk and reward, this finding has implications for the future provision of hydropower.
I. INTRODUCTION

L
IMITING and, even reversing, rising greenhouse gas levels depends implicitly on the continued and increased use of hydroelectricity. There are suggestions that hydro production may increase by up to three times over the 21st century [1] ; forecasts of rising electricity demand and likely fossil-fuel price increases support such projections but do not offer guarantees.
Deregulation of the electricity industry means that, more than ever, the economics of competing generation technologies will determine which contribute to supply. A preference for low capital-cost, faster payback options does not favor hydro. The outlook worsens when the effects of changes in climate are considered, such as reduced river flows and lower hydroelectric output. Such outcomes would reduce financial returns and make hydropower less competitive [2] .
II. VARIABLE RETURNS
Previous work examined how the application of climate model-derived climate change scenarios impacted on the financial performance of a proposed hydro scheme [3] . Further, a sensitivity study was performed to indicate the extent to which the scheme could tolerate changes in precipitation and temperature [4] . Both studies found that changes in climate led to significant variations in scheme economic performance. Furthermore, it was found that in addition to altering mean Effect of river basin in altering river flow variance with changes in mean precipitation (adapted from [5] ).
values of river flows and production, there were also changes in their variance. This consequently altered the variability of electricity sales income, which was identified as being potentially problematic in cash flow terms. Such changes in variance have been noted previously in studies investigating the hydrological effects of climate change. There is a tendency for river basins to amplify changes in precipitation, resulting in larger changes in river flows than in precipitation [5] . This nonlinearity is responsible for altering flow variance as well as mean flows. The effect is illustrated in Fig. 1 .
Given the changes in production and revenue variance, the authors considered it prudent to examine, more closely, the impacts on variability and, in particular, the impact on the variability of the financial return (i.e., the project risk).
III. QUANTIFYING RISK
Risk is notoriously difficult to quantify and its estimation is often rather subjective. Payback period is commonly used as a proxy for risk, with longer periods implying greater risk [6] . While this has merit, the use of payback period as an investment indicator is often criticized as it fails to discount cash flows. Sensitivity analysis provides a simple means of indicating project risk with greater risk implied by greater sensitivity to a given variable. Its limitations are that it views variables in isolation where, in fact, their combined effect may be greater. It also fails to provide information on the probability of outcomes [7] . In analyzing hydroelectric projects, it relies on the results from a single time-series of river flows or, as in climate impact studies, precipitation and temperature. Given that the timing of dry or wet periods influences production and economic projections, predictions can be overly optimistic or pessimistic. This is particularly true with analyses employing discounting methods, which place greater emphasis on earlier time periods. The use of risk analysis techniques can remove some of these limitations.
0885-8950/03$17.00 © 2003 IEEE Risk analysis techniques are established in hydropower applications and are primarily based on the use of synthetic river flow series. Statistically identical to the original series, the synthetic series provides alternative sequences of flows that may be used to examine the robustness of scheme operating regimes [8] or the range of financial outcomes. Monte Carlo simulations of project costs and benefits have also found use in hydropower applications (e.g., [9] ). So far, risk techniques have found only limited application in climate change studies. A notable exception was the use of synthetic climate series to assess the reliability of production from hydroelectric stations in central Greece [10] . The work described here extends the analysis to project economics and the implications of changing risk on the preferences of would-be investors.
Financial risk is an expression of the variance of the returns from a particular investment. Where returns do not vary from the expected value (i.e., zero variance) the investment is regarded as risk-free (e.g., government bonds). However, most other investments are not risk-free and rational investors require a higher rate of return (or risk premium) to compensate them for the risk. This principle is the basis of the capital asset pricing model (CAPM), which describes the relationship between the required return from an equity stock, and risk of the equity and the market as a whole [11] (1)
Here, and are, respectively, the risk-free and market rates of return, is the required rate of return for the equity, and the equity "beta." The beta is the relative risk of the equity compared to the market as a whole, and a greater than 1 indicates that the stock is more risky than the market average. Normally determined by a regression of equity returns against a proxy for the market returns (e.g., FTSE 100), it is given by (2) where and are the standard deviations of the equity and market returns and is the coefficient of correlation between them. Hence, a change in the variance of returns or financial risk of the equity will alter the expected return.
The same principles can also be applied to the appraisal of individual projects by relating the variance of financial returns [i.e. the internal rate of return (IRR)], to the project beta, and hence, to the required rate of return. The required rate of return from a project is the minimum acceptable to an investor and is used as the discount rate to determine project net present value (NPV). Through the project beta, the risk associated with a project may directly influence the discount rate and the eventual investment decision, perhaps critically so. Therefore, the alteration of the project risk profile through changes in climate may affect the competitiveness of hydroelectric projects and analysis of this aspect is of importance.
IV. INVESTMENT RISK MODEL
The investment risk model presented here is an extension of software developed by the authors. The software has a series of components including hydrological, reservoir, market, and financial models that allow the projection of river flows, energy production, and financial performance from applied climate scenarios. The original software is described in detail in [3] while a summary is given below.
A. Original Simulation Tool
The model operates on a monthly time-step and is driven by monthly time series of climate data including precipitation, temperature, and other necessary variables. An original aim of the work was to produce a working and verifiable model that could provide an initial quantitative estimate of climate impact, using the minimum level of complexity. As such, each component is relatively simple in concept and implementation.
The hydrological model translates climatic inputs into estimates of river flow. The simple water balance model used considers the river basin as a single storage unit, with precipitation as inflow and evaporation and river flows as outflows (where outflows are functions of water in storage).
The reservoir model determines the energy production arising from the inflow subject to the operating rules. Again using a mass balance approach, the operational objective is to attain specified monthly production targets while satisfying storage, flow, and energy constraints.
The electricity market is modeled as a single purchaser that rewards all production at a flat rate. The resulting revenue estimates are then combined with scheme cost data to generate a range of standard investment measures (e.g., IRR, NPV, etc.).
B. Monte Carlo Simulations
The software has been expanded to allow it to perform Monte Carlo simulations of scheme operation under different climate scenarios (Fig. 2) . It can generate and store a large number of synthetic precipitation and temperature series, and the statistical properties of the resulting river flows, production, and financial measures may be extracted. Hence, for a given climate scenario, estimates can be made of the IRR variance, project risk, and the required rate of return. As only climate is varied between each simulation, the software does not perform full Monte Carlo simulations. Rather, it enables the effects of climate change to be examined and isolated.
The synthetic series are produced using a periodic Markov model that estimates monthly values of each climate variable from the previous month's value, the statistical characteristics of that month, and a normal random element, according to [8] ( 3) where is the monthly climate variable to be predicted; and are the monthly mean and standard deviation, respectively; is the correlation coefficient between consecutive months; is a random number; and and represent, respectively, the sequential and periodic indices.
V. CASE STUDY: BATOKA GORGE
The scheme chosen for the demonstration of this technique is the Batoka Gorge project, planned for the Zambezi River (Fig. 3) and used with the authors' previous work. The feasibility study [12] proposes the construction of a 1600-MW run-of-river plant to maximize system-wide firm power delivery and produce in the region of 9100 GWh/annum. The software was found to provide a reasonable simulation of scheme operation and performance [3] .
A. Validation of the Synthetic Series
The monthly historic climate record (1961 to 1990) was extracted from the high-resolution global dataset compiled by New et al. [13] that consists of a range of climate variables (for 1901 to 1996). Analysis of the statistical properties of the precipitation and temperature series and the assumption of normal distributions, allowed 500 pairs of 30-year-long precipitation and temperature series to be generated.
Before use, the synthetic series was examined to confirm that the series did, in fact, faithfully represent the original data. Table I shows the monthly mean and standard deviation for the original climate data and values averaged across the synthetic series. It can be seen that the statistics are similar, particularly so for temperature, and were therefore considered suitable for the purpose.
B. Performance Under Conditions of Climate Change
To illustrate the use of the software in conducting climate risk analyses, three climate change scenarios were considered. Used previously in [3] , two are from the output of the HadCM2 general circulation model (GCM) developed by the Hadley Centre (U.K. Meteorological Office). One, HadCM2-S, incorporates the effects of aerosols and correspondingly projects a slightly lower temperature change. The third scenario is from the ECHAM4 GCM developed at the German Climate Research Centre. Each scenario is a projection of conditions in the 2080s and details changes in precipitation and temperature relative to GCM control runs representing conditions of no climate change. Table II shows the mean annual changes for the portion of the river basin upstream of the project.
Simulations were carried out for every synthetic pair under historic conditions and with each of the three climate scenarios applied. The resulting statistical properties of a range of indicators were extracted and summarized in Table III . As mean values differ between scenarios, to allow meaningful comparison, the variance of each indicator is normalized and expressed as the coefficient of variation (CV). The following sections examine the results in greater detail.
1) Variance of Climate:
The application of the GCM scenarios to the precipitation series alters the statistical properties of the series applied to the simulation tool. Other than the change in the average monthly mean, across the series, there are changes in average variance. As Table III shows, for both of the Hadley scenarios, the change in the standard deviation (16 to 20%) is larger than the mean change (2 to 18%, Table II ), which consequently lowers the CV by up to 4.5% (i.e., lower variability). With a greater change in the mean, the ECHAM4 scenario delivers a 1% increase in CV. The reduction in variance can be seen in Fig. 4 with the precipitation distributions for both Hadley scenarios showing higher peak frequency.
Despite the significant rises in mean monthly temperature projected by the GCM scenarios, there is virtually no change in their standard deviation. Correspondingly, this lowers the CV for temperature by up to 20%.
2) Variance of River Flows: Each of the GCM scenarios causes significant decreases in river flows, with mean monthly flows falling by between 10% and 35% (Table III) . The tendency of the river basin to amplify changes in precipitation is evident with mean flows altering by almost twice as much as precipitation. With even greater falls in standard deviation (11 to 45%), river flow CV decreases by up to 15% for the Hadley scenarios. The impact under the ECHAM4 scenario is limited to a 1% decrease in CV. Once again, the effects can be seen graphically in Fig. 5 .
3) Variance of Production: Although relatively small, the integrating effect of the reservoir reduces the impact of the changes in river flows, resulting in smaller decreases in production. Under the applied scenarios, mean monthly production falls by between 6%-22% (Table III) . As the standard deviation only changes significantly for the HadCM2-S scenario (19%), the CV rises under all GCM scenarios (5% for ECHAM4 and 52% for HadCM2-S). The large increase in variance under this Hadley scenario manifests itself in Fig. 6 as a noticeably flatter distribution.
4) Financial Risk Impacts:
In line with the original study [3] , energy production attracts revenue at a single rate U.S.$ 30/MWh). Accordingly, sales income responds similarly to production which, in turn, impacts on the financial performance of the scheme. The financial indicator of primary interest is the internal rate of return (IRR), as it does not preselect a discount rate and may be used to estimate changes in project beta. Mean IRR declines by between 6% for ECHAM4 and 22% for HadCM2-S (Table III) . The standard deviation of IRR across the scenarios reduces very slightly for the ECHAM4 scenario but increases by up to 27% for the Hadley scenarios. As such, the scenarios deliver CV increases of between 6-64% with Fig. 7 showing the spread increasing with the degree of climate change. As such, the scenarios indicate an increased climate-related risk for which investors would expect to be compensated.
C. Required Rate of Return
Compensation for increased risk will manifest itself as an increase in the required rate of return for this hydroelectric scheme. There was no explicit report of risk analysis in the feasibility study, presumably as the scheme was planned for a nonliberalized market. Furthermore, without knowledge of the overall risk profile for the project, the authors are unable to confirm whether the increased climate-related risk will be sufficient to influence a would-be investor's choice of discount rate or the eventual decision about whether or not to proceed with the project. The development of a full Monte Carlo simulation to include other project variables could satisfy this need. In the absence of this, however, a numerical example is presented below to illustrate the influence of climate-induced changes in risk on the expected rate of return for the project.
With the CAPM, one may use the project beta to relate the expected rate of return to the project risk. Equation (2) expresses beta in terms of the equity and market risks. Here, however, only the climate component of the project risk can be measured. If we assume that the project beta is a linear function of project risk we can approximate (2) as (4) where is the project risk (i.e., normalized standard deviation of project returns, IRR) and is a constant. Further, project risk can be taken as the sum of all project risks and may be classified as climatic or nonclimatic risks, yielding (5) where is the proportion of total project risk that can be attributed to climatic factors. For a given preclimate change project beta and relative climate risk contribution , we can To illustrate this, consider a firm that would normally calculate or assign this scheme a project beta of 0.8 (i.e., less risky than its standard project). Further, we assume two different values for the climate risk contribution, , of 10% and 33%. Finally, assuming that the risk-free and market rates of return are 5% and 10%, respectively, we may use (5) and the CAPM (1) to examine the consequences for the required rate of return of the increase in climate-related risk. Table IV shows the project beta and required rate of return resulting from the application of the risk estimates from each GCM scenario to (5) and (1). It can be seen that the increased IRR variance raises both project beta and the required return and, as would be expected, the degree of change increases with the risk contribution. For example, with the larger risk contribution, the HadCM2-S scenario raises beta by 21% and the required rate of return by just over 9%. Here, we have only considered the case where the project is regarded as less risky than the average investment. For the opposite case , the impact on the required rate of return would be greater.
This analysis is of relevance as the required rate of return determines whether the project is economically viable: where IRR exceeds the required rate, the project will be considered economic and vice versa. In Table IV , the risk-adjusted required rate of return is seen to rise for all GCM scenarios. However, Table III shows the IRR to fall for all scenarios. Under both Hadley scenarios, the adjusted required rate of return exceeds the mean return from the scheme. The appraisal criteria state that under these conditions, the scheme would be noneconomic. Applying the initial, non risk-adjusted required return (9%) would have seen the project deemed noneconomic under only the more extreme HadCM2-S scenario. Hence, the explicit inclusion of climate-related risk influences the investor's decision regarding this project.
D. Comparison With Single Values
The results of the Monte Carlo simulations may be used to examine whether the financial performance simulated by [3] , for a single climate series, is unduly optimistic. With statistical similarity between the original climate data and the synthetic series, it would be reasonable to expect that the mean results from the Monte Carlo simulation would be similar to the single values. As Table V shows, the Monte Carlo simulation indicates a mean financial performance that is inferior to the single series values. The mean IRR is around 1% lower and up to 2.3% lower for the base and GCM scenarios, respectively. While relatively small, 
VI. DISCUSSION
The theoretical basis for this study is that the nonlinear behavior of river basins will result in changes in both the mean and the variance of river flows as a result of changes in mean precipitation alone. Furthermore, it was hypothesized that these changes in variance would feed through and alter the variance of project returns and, in consequence, the project risk. The simulations confirm that changes in climate will result in a change in the financial risk faced by hydroelectric schemes. They also suggest that the degree of risk is linked to the magnitude of precipitation change and that risk appears to increase as precipitation decreases. A sensitivity study confirms this: a 10% reduction in precipitation raises risk by over 17%; temperature rise also increases risk, albeit by a smaller amount (e.g., a 2 rise delivers a 2.5% increase).
As the simple numerical example illustrates, the application of the risk estimates to the CAPM highlights a discernible impact on the required rate of return. To compensate for the increased risk and to maintain the interest of the investor, the financial return from the scheme would have to continue to meet or exceed the increased required rate of return. In the scenarios used here, the expected return decreases, in some cases to the extent that it now lies below the newly raised threshold, thus rendering the scheme noneconomic. Essentially, adjusting the required rate of return to reflect the increased risk degrades the margin between the expected and minimum acceptable scheme performance, reducing the likelihood of investment.
Clearly, a more explicit exploration of these issues requires a detailed examination of the role of climate within the overall risk profile of the project. Overall, however, in quantifying the relationship between climate change and project risk, the study reinforces the perception that with the prospect of climate change there will be major challenges for the encouragement of investment in future hydropower projects.
The scenarios presented here represent only a small number of the many possible climate change scenarios that may result in temperature changes in the range suggested by climate models [14] . More important, the precipitation changes that accompany the temperature rise include some that predict increased precipitation for this region. The determination of an expected scenario of change is rather subjective, as the assignment of probabilities to climate change scenarios is uncertain. The authors consider that as subjectivity will remain a factor of investment decision-making, climate scenarios will be a useful addition to risk appraisal.
These scenarios should be regarded as "worst case" for several reasons: climate change is considered in isolation, that climate has undergone a step change and that scheme operational practice is static. More realistic results could be achieved with conditions that change over time.
VII. CONCLUSION
Previous studies have indicated that hydropower economics are sensitive to changes in precipitation and temperature. The studies also found that, in addition to mean changes, there were changes in the variance of production and sales revenue. This study aimed to determine whether such changes would lead to alterations in the financial risk faced by the project, given that perceptions of risk play a major part in project appraisal.
Using a case study, a Monte Carlo analysis was carried out using synthetic precipitation and temperature time series that were generated from the historic climate record. The application of several climate change scenarios to the synthetic series allowed an examination of the influence of climate on the magnitude and variance of financial returns.
The simulations found that, for the climate change scenarios used, there were increases in the variance of the financial returns, and therefore, an increased risk. Without explicit knowledge of the overall risk profile of the study scheme it was not possible to say whether the changes in climatological risk would alter the investment decision. However, a numerical example indicated that the increased risk raises the project beta and the required rate of return. It is apparent that climate change has the potential to be doubly damaging for hydropower with the alteration of both the expected return from hydroelectric installations and the financial risk that they face.
While the analysis presented here does not provide a precise prediction of the future, the authors believe that the results of this study indicate a further, potentially serious, issue for hydroelectric projects. They also believe that there is merit in applying a refined version of the methodology in other regions to develop a fuller picture of the prospects for hydroelectric exploitation.
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